Objective-The goal of this study is to determine whether C-reactive protein (CRP) gene variants affect baseline and training-induced changes in plasma CRP levels. Methods and Results-Sixty-three sedentary men and women aged 50 to 75 years old underwent baseline testing (VOmax, body composition, CRP levels). They repeated these tests after 24 weeks of exercise training while on a low-fat diet. The CRP ϩ219G/A variant significantly associated with CRP levels before and after training after accounting for the effects of demographic and biological variables. CRP Ϫ732A/G genotype was significantly related on a univariate basis to CRP levels after training. The CRP ϩ29T/A variant did not affect CRP levels before or after training. In regression analyses, the ϩ219 and Ϫ732 variants each had significant effects on CRP levels before and after training. Subjects homozygous for the common A/G Ϫ732/ϩ219 haplotype exhibited the highest CRP levels, and having the rare allele at either site was associated with significantly lower CRP levels. CRP levels decreased significantly with training (Ϫ0.38Ϯ0.18 mg/L; Pϭ0.03). However, none of the CRP variants was associated with the training-induced CRP changes. Conclusion-CRP ϩ219G/A and Ϫ732A/G genotypes and haplotypes and exercise training appear to modulate CRP levels. However, training-induced CRP reductions appear to be independent of genotype at these loci. (Arterioscler Thromb Vasc Biol. 2004;24:1874-1879.) Key Words: C-reactive protein Ⅲ genetics Ⅲ exercise training Methods Sedentary white and nonwhite men and women aged 50 to 75 years were screened via telephone to ascertain their interest, suitability, and ability to participate in an exercise training intervention. The Institutional Review Board at the University of Maryland College Park and Howard University approved the study. Written informed consent was obtained during the participants' first laboratory visit. Eligible volunteers were sedentary, nondiabetic, normotensive, or hypertensive with blood pressure (BP) controlled with medication Original
A therosclerosis, which is the main mechanism underlying most cardiovascular (CV) diseases, is now considered to be, at least partly, an inflammatory disorder. C-reactive protein (CRP) has been proposed as a marker of inflammation, 1 with lower CRP levels associated with reduced CV disease risk 2 and even slight CRP elevations associated with increased CV events. 1 Cross-sectional studies have found that CRP levels are lowest in those with the highest levels of habitual physical activity; 3 however, very few studies have assessed the impact of an exercise training intervention on CRP levels. 4
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Recent evidence indicates that common polymorphisms at the CRP gene locus affect CRP levels. 5, 6 Four single nucleotide polymorphisms (SNPs) have been identified in the CRP gene: Ϫ732 A/G, an adenine/guanine transition in the promoter region of the CRP gene; 7 ϩ29 T/A, a thymine/adenine transversion in intron 1, 29-bp downstream (3Ј) of exon 1; ϩ1059 G/C, a silent guanine/cytosine transversion in the exon 2 coding region; 8 and ϩ219 G/A, a guanine/adenine transition in the 3Ј flanking sequence of the CRP gene, 219-bp downstream (3Ј) of exon 2. Because genetic variations affect the responses of other CV disease risk factors to exercise training, 9, 10 it is possible that these CRP gene variants may interact with exercise training to differentially affect plasma CRP levels. Thus, we hypothesized that CRP levels at baseline and after 6 months of exercise training will differ among CRP genotype groups, CRP levels will decrease as a result of exercise training, and these training-induced CRP decreases will be dependent on CRP genotype. These hypotheses were also assessed based on CRP gene haplotypes.
(systolic BP Ͻ160, diastolic BP Ͻ90 mmHg), nonsmokers, body mass index Ͻ37 kg/m 2 , no ongoing regular aerobic exercise, and no previous history of CV disease. All women were postmenopausal and maintained the same hormone replacement therapy (HRT), either using or not using HRT, throughout the study.
On their first laboratory visit, medical histories were reviewed to ensure subjects met the study inclusion criteria. Body mass index Ͻ37 was ascertained by measuring height and weight. Participants had blood chemistry and fasting plasma glucose levels determined and underwent a 2-hour 75-gram oral glucose tolerance test. Those with fasting glucose Ͼ126 mg/dL or 2-hour glucose Ͼ200 mg/dL were excluded. Participants had to have Ն1 National Cholesterol Education Program lipid abnormality because this study was a part of a larger trial assessing the genetics of training-induced plasma lipoprotein-lipid changes. Maximal treadmill exercise tests with BP and electrocardiogram monitoring were performed to screen for CV disease. Participants whose exercise test was terminated for CV disease signs and symptoms or showed other evidence of CV disease were excluded.
Participants then completed 6 weeks of instruction on the principles of an American Heart Association Step 1 diet (Ͻ30% calories from fat; Ϸ55% from carbohydrates; Ϸ15% from protein; cholesterol intake Ͻ300 mg/d). 11 Participants completed a 7-day food record and adhered to the diet for Ͼ3 weeks before baseline testing. Participants maintained this diet for the duration of the study. A registered dietitian analyzed all food records (Computrition Inc Software). Participants completed food records during the exercise training intervention to ensure adherence to the diet.
Participants then completed baseline testing consisting of body composition, VOmax, and CRP level assessments. Body composition was assessed by dual-energy X-ray absorptiometry (DPX-L; Lunar Corp). VOmax was measured using a graded treadmill protocol. 12 On the day of blood sampling to determine CRP levels, participants must have had no alcohol for 24 hours, no exercise for 24 to 36 hours, and no infections in the preceding week. CRP was measured using an enzyme-linked immunosorbent assay system (minimum detectable CRP level 0.35 ng/mL, interassay and intra-assay coefficient of variation 3 to 7 and 2% to 4%, respectively) (Alpha Diagnostic International). Processed samples were stored at Ϫ80°C until assayed. Each subject's before and after training samples were analyzed in the same assay to eliminate the effect of interassay variation.
Genomic DNA was extracted from peripheral lymphocytes using standard methods. 13 Restriction fragment length polymorphism analysis 14 was used to genotype the ϩ1059 G/C SNP using Bsp1286 I. Fluorescence polarization 15 was used to genotype the remaining 3 polymorphisms (Ϫ732 A/G, ϩ29 T/A, and ϩ219 G/A). Haplotypes for the Ϫ732 and ϩ219 loci were generated using PHASE v2. 16 Unequivocal haplotypes were assigned to all subjects with the exception of double heterozygotes. Subjects were grouped for analysis as indicated in Table 1 .
Participants underwent 3 supervised exercise training sessions per week for 6 months. Initial sessions consisted of 20 minutes of 50% VO 2max exercise and progressed until 40 minutes of 70% VO2max exercise were completed during each session. 12 Exercise consisted of treadmill walking/jogging, stair-stepping, and cycle and rowing ergometry. Participants added a lower intensity unsupervised 45-to 60-minute walk on the weekend after 12 weeks of training.
After exercise training, body composition, VOmax, and CRP assessments were completed as before training. Participants' food records were examined and dietary compliance determined. Samples for plasma CRP measurements were drawn 24 to 36 hours after the subject's training session.
Statistical analyses were performed using the SAS statistical software system. 17 According to the American Heart Association criteria for CRP levels, 18 5 persons with CRP levels Ն10 mg/L were excluded from our analyses. CRP levels were not normally distributed and were square-root transformed for analyses. Because of the low frequency of the C allele at the ϩ1059 locus ( Table 2) , it was not included in subsequent analyses. A 2 test determined that the genotype distribution at the remaining 3 SNPs did not differ from Hardy-Weinberg expectations ( Table 2 ). Rare allele homozygotes for each SNP were combined with heterozygotes as carriers of the rare allele. Each carrier group was then compared with the noncarrier group for all statistical analyses. For each of the 3 SNPs, bivariate ANOVA was performed using the general linear models. For the bivariate models, complete data were available on 61 subjects (27 men, 34 women) for CRP ϩ219G/A genotype, 63 subjects (28 men, 35 women) for CRP Ϫ732A/G genotype, and 62 subjects (28 men, 34 women) for ϩ29T/A genotype. Next, each model was adjusted for demographic variables (age, gender, and ethnicity). The final model included adjustment for demographic and biological variables (body weight, percent total body fat). Similar models were constructed for CRP levels after training and for changes in CRP levels with training. The 3 CRP variants included in the analyses showed no evidence of significant linkage disequilibrium between any of the pairs (DЈϭ0.34 to 0.46). Consequently, the 3 SNPs were examined together as predictor variables of CRP levels at baseline, after training, and the changes in CRP levels with training, with adjustments made for demographic and biological variables. Haplotype comparisons were made using preplanned contrasts within an ANOVA framework while covarying for age, gender, and ethnicity. Statistical significance was accepted at PՅ0.05.
Results

CRP ؉219G/A Genotype
In the total sample, and within both CRP ϩ219G/A genotype groups, there were approximately the same number of men 
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and women and a similar number of women using HRT and not using HRT (Table 3 ). Furthermore, there was a comparable distribution of whites and nonwhites in both CRP ϩ219G/A genotype groups. Baseline VOmax, body weight, and percent body fat did not differ between CRP ϩ219G/A genotype groups. However, baseline CRP levels were significantly different among CRP ϩ219G/A genotype groups (Pϭ0.02) (Table 4 ) with the GG homozygotes having Ϸ70% higher baseline CRP levels than A allele carriers. These genotype-dependent baseline CRP differences were similar between men and women (Pϭ0.10), between whites and nonwhites (Pϭ0.79), and between women using and not using HRT (Pϭ0.27). CRP ϩ219G/A genotype explained 9% of the variation in baseline CRP levels. A multivariate model adding demographic covariates accounted for 16% of the variation in baseline CRP levels, with CRP ϩ219G/A genotype still being associated significantly with baseline CRP levels (Pϭ0.03). Further adjustments for biological variables increased the variation accounted for by the model to 40% and the CRP ϩ219G/A genotype association with baseline CRP levels remained significant (Pϭ0.04), still accounting for Ϸ9% of the interindividual variance in baseline CRP levels.
After exercise training, CRP levels remained significantly higher in the ϩ219 GG homozygotes compared with A allele carriers (Pϭ0.02) ( Table 4 ). CRP ϩ219G/A genotype again accounted for 9% of the variation in CRP levels after training. Adjustment for demographic variables increased the variation accounted for by the model to 16% with the association between CRP ϩ219G/A genotype and final CRP levels still being significant (Pϭ0.04). Additional adjustment for biological variables increased the variation accounted for to 33%, although the CRP ϩ219G/A genotype main effect only tended toward significance (Pϭ0.08).
Training-induced body weight, percent body fat, and VO 2 max changes were similar in the ϩ219 GG and A allele carrier groups (Table 3 ). In the total population, CRP levels were significantly reduced after 6 months of aerobic exercise training (Ϫ0.38Ϯ0.18 mg/L; Pϭ0.03) ( Table 4 ). However, a significant reduction in CRP levels with training was only evident in the GG genotype group (Ϫ0.54Ϯ0.26 mg/L Pϭ0.04), but not in the A allele carrier group (Ϫ0.25Ϯ0.24 mg/L Pϭ0.32) (Table 4 ), although the training-induced CRP changes did not differ significantly between these 2 genotype groups (Pϭ0.41). Adjustment for demographic and biological variables still resulted in nonsignificant relationships between CRP ϩ219G/A genotype and training-induced CRP changes (Pϭ0.40 and Pϭ0.56, respectively). Further adjustment for baseline CRP levels also had no effect on this relationship.
CRP ؊732A/G Genotype
Baseline VOmax, body weight, and percent body fat did not differ significantly between CRP Ϫ732A/G genotype groups (data not shown). CRP Ϫ732A/G genotype had a tendency to associate with baseline CRP levels on a univariate basis (Pϭ0.13). The significance level remained generally similar in multivariate analyses adding the demographic and biological variables.
After exercise training, CRP levels were significantly higher in CRP Ϫ732 AA homozygotes than in G allele carriers (Pϭ0.04). Adjustment for demographic variables increased the model contribution to explained variance to 16% whereas the Ϫ732A/G genotype effect remained significant (Pϭ0.04). Additional adjustment for biological variables increased the model's contribution to explained variance to 33%, with the Ϫ732A/G genotype main effect tending toward significance (Pϭ0.051) and accounting for Ϸ6% of the variation in CRP levels. Changes in CRP levels with training were not associated with CRP Ϫ732A/G genotype in the bivariate or adjusted models.
CRP ؉29T/A Genotype
The CRP ϩ29T/A polymorphism did not affect CRP levels at baseline, after 6 months of exercise training, or changes with exercise training (data not shown). Adjustment for demographic and biological variables did not result in significant associations between CRP ϩ29T/A genotype and baseline, after training, or change with training CRP levels.
Combined Influence of CRP ؉219G/A, ؊732A/G, and ؉29T/A Genotypes Fifty-four participants had complete data for all demographic, biological, and SNP variables. Multivariate analysis of the initial model including all 3 genotypes revealed that the CRP ϩ219G/A and the Ϫ732A/G SNP significantly and independently influenced CRP levels at baseline (PϽ0.01, and Pϭ0.04, respectively) and after exercise training (PϽ0.01, and PϽ0.01, respectively). At baseline, the influence of ϩ219G/A and Ϫ732A/G genotypes was maintained after adjusting for demographic variables (PϽ0.01, and Pϭ0.05, respectively), but not after adding the biological variables. After exercise training, adding demographic variables and biological variables increased the contribution of the model to 42%, whereas the CRP ϩ219G/A and Ϫ732A/G genotype effects remained significant and independent (PϽ0.01, and Pϭ0.02, respectively) with both accounting for Ϸ9% of the variation in CRP levels. CRP ϩ29T/A genotype had no influence on CRP levels at baseline or after exercise training in these models. Based on these findings, analysis of Ϫ732/ϩ219 haplotype was conducted, revealing a significant association between Ϫ732/ϩ219 haplotype and CRP levels before and after exercise training (Figure 1) . At baseline, subjects homozygous for the common A/G haplotype exhibited significantly higher CRP levels than subjects heterozygous for the rare allele at one or both polymorphisms. After exercise training, subjects homozygous for the common A/G haplotype exhibited significantly higher CRP levels than all other haplotype groups.
Discussion
Most major CV disease risk factors are heritable, and recently many common genetic polymorphisms that affect these heritable CV disease risk factors have been identified. Environmental factors, including endurance exercise training, clearly also have a substantial impact on many of these same CV disease risk factors. Furthermore, we and others have begun to provide evidence of the interactive effects of common genetic polymorphisms and exercise training on CV disease risk factors. 9, 10 Thus, in the present study we hypothesized that common CRP gene polymorphisms and CRP gene haplotypes would affect CRP levels at baseline and after training and that these polymorphisms and haplotypes would affect the change in CRP levels elicited with endurance exercise training. However, although we found that CRP gene polymorphisms and haplotypes clearly had a substantial effect on CRP levels at baseline and after exercise training, they did not interact with exercise training to differentially affect CRP level responses in our middle-aged to older-aged individuals.
Elevated CRP levels have been associated with a greater risk for CV disease and CV events. 19 This relationship has been proposed to be the result of CRP levels being a marker for vascular inflammation. 20 It is not entirely clear if this relationship is causal, that is, the CV disease outcomes are the result of the direct effect of the release of CRP as a major acute phase protein, or merely an association, that is, the CRP levels provide an easily accessible and measurable index of the low-grade vascular inflammation proposed to underlie CV disease. Although it is important to determine which of these 2 scenarios is correct, it is widely acknowledged that CRP levels represent a very useful measure of CV disease risk and a substantial research effort in the past 5 to 10 years has been directed toward a better understanding of the implications of elevated CRP levels.
A number of previous studies have found that CRP levels are heritable, 21 which indicates that common genetic polymorphisms may account for a portion of the interindividual differences in CRP levels. Zee and Ridker reported that CRP ϩ1059 GC heterozygotes had Ϸ30% lower CRP levels than GG homozygotes at this locus. 6 Szalai et al reported that persons with an intermediate number of dinucleotide repeats CRP levels at baseline (a) and after aerobic exercise training (b) by CRP Ϫ732/ϩ219 haplotype group. †Significant difference between haplotype groups (PՅ0.01). *Significant difference between haplotype groups (PՅ0.001).
in intron 1 of the CRP gene had twice the CRP levels of those with a low or high number. 5 Most recently, Brull et al found that military recruits and coronary artery bypass graft patients with the TT genotype at the CRP ϩ1444 variant in the 3Ј untranslated region had 30% to 40% higher CRP levels than C allele carriers, 7 and ϩ1444 genotype accounted for 2% to 5% of the interindividual variance in baseline CRP levels. They found that CRP Ϫ732 and ϩ1059 genotypes were not associated with CRP levels. Regulation of CRP gene expression has been shown to occur mainly at the transcriptional level. 22 Consequently, CRP gene sequence variation may affect this regulation, because CRP gene polymorphisms have the potential to result in the disruption of supramolecular complexes of gene-specific combinations of transcription factors and cis-DNA that interact with promoters of inducible genes to enhance their expression. 23 In the present study, we examined the effect of 4 genetic polymorphisms at the CRP locus on CRP levels at baseline and after exercise training, and their changes with endurance exercise training. We did not have adequate power to address our hypothesis relative to CRP ϩ1059 genotype because of the low frequency of the rare allele. When assessing the effect of each SNP independently, the CRP ϩ219G/A variant showed the strongest and most consistent relationships with CRP levels both before and after exercise training. The A allele carriers at this locus had Ϸ40% lower CRP levels than GG genotype individuals. These relationships generally persisted after accounting for a number of demographic and biological variables that influence CRP levels, including age, gender, ethnicity, body weight, and percent body fat. CRP Ϫ732 genotype was significantly related on a univariate basis to CRP levels after exercise training both before and after correcting for the effect of the different demographic and biological variables. The CRP ϩ29 variant did not significantly affect CRP levels either before or after exercise training with or without correcting for demographic and biological variables. In regression analyses that included all 3 CRP SNPs, the ϩ219 and the Ϫ732 variants each had a significant independent effect on CRP levels before exercise training after correcting for the influence of demographic variables but not after accounting for biological variables. Both of these variants had a significant independent effect on CRP levels after exercise training both before and after correcting for the effects of the demographic and biological variables. These 2 variants accounted for Ϸ13% and Ϸ18% of the interindividual variance in CRP levels at baseline and after training, respectively.
Haplotype analysis indicated that subjects homozygous for the common A/G haplotype exhibited the highest CRP levels, and that the presence of the rare allele at either the Ϫ732 or the ϩ219 SNP was associated with significantly lower CRP levels. These extreme haplotype groups had 3-fold to 4-fold differences in plasma CRP levels both at baseline and after exercise training. Although not statistically significant (Pϭ0.12), our data indicate that the presence of one rare allele at both the Ϫ732 and ϩ219 polymorphisms (double heterozygotes) may be associated with further reduced CRP levels compared with those in subjects possessing the rare allele at only 1 locus. This would be indicative of an independent, additive effect of variation at the CRP Ϫ732 and ϩ219 SNPs, consistent with the multivariate analysis.
A number of cross-sectional studies have found that higher physical activity levels are associated with lower CRP levels. 3,24 -28 In general, most cross-sectional studies have reported that individuals with the highest fitness or physical activity levels have CRP levels 25% to 40% lower than those of the least fit or least active individuals. 24 -28 Recently Esposito et al reported a Ϸ30% reduction in CRP levels with a diet and physical activity program in 20-to 46-year-old obese women. 29 However, this study did not assess the independent effect of exercise training on CRP levels and, to our knowledge, the independent effect of exercise training on CRP levels has not yet been addressed.
In the present study in middle-aged to older-aged at-risk men and women, CRP levels decreased Ϸ15% with 6 months of endurance exercise training. Although our study was not designed to provide definitive evidence of CRP changes with endurance exercise training, it makes a substantial contribution to this question because of the dietary control imposed in the study, the control of recent inflammation/infection before blood sampling, the prolonged exercise training program, the screening of subjects to exclude those with comorbidities that affect CRP levels, and the long-term stability of plasma CRP levels. 30 Our training-induced reductions in plasma CRP levels were one-third to one-half (15% versus 25% to 40%) those generally found for differences between fit and unfit or active and inactive individuals. Our somewhat smaller effect may be because of the longitudinal nature of the present investigation. In addition, it is possible that CRP levels may be reduced further with more prolonged exercise training, because the fit individuals in the previous cross-sectional studies generally had been undergoing their physical activity programs for much longer than the 6-month duration of the present study.
Recently a number of studies have shown that pharmacological interventions reduce plasma CRP levels in individuals at high risk for CV disease. 31 CRP levels were reduced 29% by the ingestion of 300 mg of aspirin per day for 3 weeks. 32 Statin-class medications have been shown to reduce CRP levels by 13% to 17%. [33] [34] [35] Thus, the 15% reduction in CRP levels observed with 6 months of endurance exercise training in our study is very similar to the effects of standard pharmacological therapies on plasma CRP levels. These data clearly indicate that endurance exercise training interventions should be included as another viable strategy to reduce CRP levels in those at risk.
Although in our study both genotype/haplotype and exercise training independently affected plasma CRP levels, no significant gene-exercise training interactive effects on CRP levels were evident. This is somewhat different from the findings of Brull et al, 7 in which an interactive effect of acute prolonged military endurance exercise and CRP genotype was evident for plasma CRP levels. However, their findings were in response to acute and intense endurance military exercise, which places substantially different CV and metabolic demands on individuals than our prolonged moderateintensity endurance exercise training program. Furthermore, they also studied young military recruits, a population quite different from our sedentary middle-aged to older-aged men and women. However, our finding of no interactive effects of CRP genotype and exercise training on CRP levels may be the result of our minimal sample size.
In summary, our findings support an independent role for the CRP ϩ219G/A variant, and to a lesser extent the Ϫ732A/G polymorphism, and the ϩ219/Ϫ732 haplotype in the modulation of CRP levels. Regardless of whether CRP is an inflammatory mediator of, or a marker for, CV disease risk, genotype-dependent differences in CRP levels may have important prognostic implications. However, although exercise training resulted in a significant reduction in plasma CRP levels in our population, exercise training did not interact with any of the CRP genotypes to differentially alter CRP levels.
